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Novel methods of neural stimulation are transforming the management of hyperkinetic
movement disorders. In this review the diversity of approach available is showcased. We
first describe the most commonly used features that can be extracted from oscillatory
activity of the central nervous system, and how these can be combined with an
expanding range of non-invasive and invasive brain stimulation techniques. We then shift
our focus to the periphery using tremor and Tourette’s syndrome to illustrate the utility
of peripheral biomarkers and interventions. Finally, we discuss current innovations which
are changing the landscape of stimulation strategy by integrating technological advances
and the use of machine learning to drive optimization.
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INTRODUCTION
The application of electricity to influence physiological function of the nervous system dates back to
the late eighteenth century (1), but it has been only in the last decades that, thanks to technological
advancement, a substantial interest in methods for non-invasive and invasive neural stimulation
has developed. The common denominator of these applications is to interact with ongoing neural
activity to produce measurable effects on behavior. In this article we showcase the miscellany of
stimulation techniques available and discuss some of themethods employed to extract features from
central and peripheral recordings. We detail how advances in technology are likely to transform the
management of hyperkinetic movement disorders in the future.
CENTRAL BIOMARKERS AND STIMULATION
Central stimulation techniques include several non-invasive methods such as transcranial magnetic
stimulation (TMS) (2) and transcranial current stimulation with either direct (TDCS) or alternating
current (tTACS) (3, 4). To date, non-invasive neurostimulation techniques have been employed in
hyperkinetic movements disorders with variable outcomes (5, 6). For example, there have been
some promising results for dystonia, chorea, dyskinesia in Parkinson’s disease and tics. However,
overall, according to current evidence-based guidelines, there is not enough evidence to use non-
invasive stimulation as a routine treatment or add-on therapy for hyperkinetic movement disorders
(7). The reasons for this include insufficient data availability due to the heterogeneity of the
protocols applied, the lack of a mechanistic understanding/rationale for choosing the cortical target
and technical issues (5, 8).
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An alternative approach is deep brain stimulation (DBS),
a neurosurgical procedure that allows targeted circuit-based
neuromodulation (9). Although invasive, its benefit and risk
profiles are well-established and its efficacy compared to non-
invasive brain stimulation in treating hyperkinetic movement
disorders is beyond question. DBS is commonly used in
the treatment of PD, tremor and dystonia (9, 10). DBS
may also be effective in tardive dyskinesia, chorea (including
Huntington’s disease and neuroacanthocytosis), myoclonus–
dystonia syndrome, Tourette’s syndrome (TS) and other tremor
syndromes (such as orthostatic tremor andHolmes’ tremor) (11).
Despite the widespread application of non-invasive and
invasive techniques and the successful application of DBS for
the treatment of several conditions, knowledge about their
interaction with ongoing brain activity, which ultimately cause
behavioral effects, is scarce. This is considered an important
limitation, since understanding how to tune brain stimulation
in order to efficiently interact with neuronal processes could
enhance its efficacy (12). For example, it has been speculated
that at least part of the variability in the effects elicited by
repetitive electric/magnetic pulses is due to the fact that these
activate neurons in different functional states (12, 13). Therefore,
it is reasonable to hypothesize that forms of brain stimulation
impinging on pre-selected brain states, and thus of neuronal
excitability, would lead to more consistent and predictable effects
(14). This strategy entails the use of a readout, which can be
analyzed online and guide the stimulation based on specific
features, a principle known as closed-loop stimulation.
A frequently used readout is electrical brain activity,
measured in the form of oscillations in different frequency
bands. Oscillatory electrical activity occurs in the brain when
groups of neurons synchronize their firing, and plays a
crucial role in regulating brain function, in physiological and
pathological contexts. When sufficiently large populations of
interconnected neurons are synchronized, brain oscillations are
observable as local field potentials (LFPs) and with surface
electroencephalography (EEG) and magnetoencephalography
(MEG) recordings, thereby reflecting instantaneous markers of
neuronal networks excitability (15, 16).
Both power and phase have been used to guide rTMS andDBS,
in the experimental and clinical settings. Several TMS studies
have used EEG-triggered TMS, applied on the primary motor
cortex (M1), based on the phase of the central mu rhythm. In
general, its negative phase has been reported to correspond to a
state of increased excitability of the primary motor cortex (M1),
reflected by increased amplitude of motor evoked potentials
(MEP) (13, 17) and transcranial evoked potentials (18). Targeting
differential brain states by means of phase estimation has also
been associated to increased effectiveness in inducing synaptic
plasticity: Baur and colleagues suggested that 1Hz rTMS induces
stronger long-term depression-like plasticity in M1 if pulses are
delivered at the positive peak of the mu rhythm, when compared
to 1Hz rTMS given at a random phase. By contrast, when stimuli
correspond to the negative peak of mu rhythm, a trend toward
long-term potentiation-like plasticity occurs (19). Whether this
greater effects in modulation of brain activity can translate into
more effective therapies is yet to be established. A promising
result in this regards comes from the work by Zrenner and
colleagues, which suggests that triggering TMS at the negative
peak of instantaneous alpha oscillations in the dorsolateral
prefrontal cortex in patients with resistant major depressive
disorder reduces resting-state alpha activity, with an effect size
larger than rTMS given at random alpha phase or than a
variant of intermittent theta-burst stimulation (20), thus showing
potential for effective neuromodulation in these patients.
Closed-loop application of DBS (often called adaptive DBS,
aDBS) in PD usually involves modulation of the stimulation
pattern based on real-time estimation of LFPs power in the beta
frequency band, as beta activity has been shown to correlate with
bradykinesia and rigidity (21–24). Several studies comparing
adaptive and conventional DBS in PD have suggested that the
former might present some clinical and technical advantages.
aDBS has been found to have greater effectiveness in reversing
motor deficits, although small methodological differences might
explain these results (25). A technical advantage of aDBS is
represented by battery saving, which is greater than conventional
DBS, particularly in the on drug state (26, 27), even allowing
for the extra signal processing necessary for aDBS (28). Some
evidence also points toward a more favorable pattern of side
effects with aDBS, represented by a lower incidence of dysarthria
(26, 29). aDBS based on phase of the recorded signals has received
less attention so far. Rosin and coworkers (30) demonstrated,
in a non-human primate model of PD, that phase-based aDBS
was more effective at attenuating motor symptoms compared to
conventional DBS when applying brief, high frequency bursts
of simulation to the globus pallidus pars interna 80ms after
the detection of spikes in single neurons recorded in the
ipsilateral M1. The time delay was critical in improving motor
impairment and corresponded to the cycle of the 9–15Hz beta
band oscillations typical of this model. Other studies showed that
brief bursts of stimulation pulses asynchronously delivered to the
STN lead to improvement of motor symptoms in primates and
humans (31, 32), possibly as a consequence of neuronal phase
resetting followed by plastic changes in local neural circuits.
Adapting brain stimulation to a physiological readout can
be challenging for a number of reasons. For instance, the
oscillation of interest needs to be ample enough to ensure a
good signal to noise ratio (33, 34), and to be as closely related
as possible to the physiological or pathological phenomenon
under investigation. As outlined in the next section, tremor
conditions offer pathophysiological markers which mostly satisfy
these requirements and can thus be considered good candidates
for closed-loop stimulation applications.
PERIPHERAL BIOMARKERS AND
STIMULATION
A neurological disorder which particularly lends itself to adaptive
stimulations techniques is central tremor. Regardless of the
underlying disease, it entails a rhythmic muscle contraction
caused by synchronous discharges generated in the central
nervous system (35, 36). As such, the neural oscillatory activity
responsible for the rhythmic, involuntary movement, could be
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reliably estimated by using muscle activity or joint acceleration
as readouts. Thus, the peripheral oscillation (1) can be used
as a control signal to regulate the stimulation of the neural
population, (2) can be easily measured to monitor the effect
of brain stimulation, (3) can inform on rhythmic activity of
neurons in specific brain areas. Central tremors, such as ET
and tremor in PD, are thought to be driven by periodic
oscillatory activity generated by an unstable loop circuit within
the central nervous system or by a nucleus with spontaneous
rhythmic activity, arising from ion channels dynamics through
inhibition-induced excitation (37). For instance, in ET, firing
patterns of neurons in the thalamic ventralis intermedius nucleus
(VIM), which receives substantial input from the cerebellum,
are coherent with peripheral tremor (38). The thalamus is
one of the main nodes of the cerebello-thalamo-cortical (CTC)
network, i.e., an anatomical-functional source with a crucial
role in ET generation (39). Although circuitry underpinning
parkinsonian rest tremor and ET differs in its functional
characteristics and connections (40), the CTC network is also
implicated in the pathophysiology of tremor in PD, together
with abnormal oscillatory activity within the basal ganglia
(41). It is thought that phase alignment between the different
neural populations of the network determines the degree of
synchrony and therefore the efficacy of the generated pattern
(42). Conversely, when synchronization is disturbed, effective
connectivity would decrease, because synaptic input is more
likely to arrive at random phases (42). This implicates that
the interaction between neural populations could be modified
dynamically by disrupting the phase alignment between different
brain regions; this in turn, could potentially weaken the neural
communication and its outcome, i.e., tremor. It is for this reason
that high frequency thalamic DBS is used for the treatment of
tremor; in fact, compared to lower-frequency DBS, it has an
increased probability of stimulating the underlying pathological
oscillation at the right time, thus disrupting the relay of this
oscillation to motor cortex and control tremor (43).
Based on this principle, it has been explored whether
stimulating at a selected tremor phase would lead to a greater
oscillation disruption and consequent tremor control. With this
intent, DBS stimulation has been delivered at specific phases of
the tremor cycle in PD patients with subthalamic or ventrolateral
thalamic DBS and ET patients with ventrolateral thalamic DBS
(40, 44). Patients were stimulated with a frequency at the
nearest integer frequency of their tremor, but stimulation was
not actively locked to the tremor phase; therefore, stimulation
and tremor were allowed to drift in and out of phase, revealing
instantaneous effects of stimulation timing. While in both PD
and ET DBS significantly entrained tremor, tremor amplitude
was modulated only in ET, depending on the timing of
stimulation pulses with respect to the tremor cycle. Interestingly,
prominent tremor suppression was observed when stimulation
was delivered at phases promoting suppression over several
tremor cycles (44), indicating a cumulative effect which was likely
induced by mechanisms of short-term (spike-timing dependent)
plasticity (44). The lack of amplitude modulation in PD might
be related to its broad frequency-amplitude tolerance (tremor
amplitude remains unchanged despite spontaneous changes
in instantaneous tremor frequency), but also potentially to
stimulation location (see below) or tremor circuit complexity
(40). This approach has been refined by tailoring the stimulation
timing to a specific tremor phase in a closed-loop fashion. In
this case, in each tremor cycle, a burst of high frequency DBS
pulses (as typically used to control tremor) is delivered to the
ventrolateral thalamus, phase-locked to the tremor phase during
which amplitude suppression was most effective. This induced a
clinically significant tremor relief (up to 87% tremor suppression
compared to baseline, in the absence of DBS stimulation) in
selected ET patients, with the benefit of delivering less than half
the energy of conventional high frequency stimulation (45).
TACS is another well-established, non-invasive brain
stimulation technique able to entrain tremor by interacting
with its pathological neural network. In the pioneering study
of Brittain et al., tACS was applied over the primary motor
cortex of PD patients, at tremor frequency and phase-locked to
the on-going tremor (recorded by an accelerometer), inducing
almost 50% average reduction in rest tremor amplitude if
delivered during the optimal phase for tremor suppression
(46). Differently from DBS (40), in PD tACS had a positive
effect on tremor amplitude, maybe because of the different
location where stimulation was applied (primary motor cortex
instead of basal ganglia). The use of tACS to control tremor in
a recent study in ET has also provided potential mechanisms
underlying tremor suppression (47). In this study, Schreglmann
and colleagues investigated whether cerebellar tACS, phase-
locked to tremor oscillation, is able to perturbate synchronous
cerebellar activity and disrupt the CTC network oscillations
to control ET. The main novelty of the study is that, to enable
phase-locking of stimulation to oscillatory activity, the authors
developed a strategy to compute in real-time the instantaneous
phase of oscillatory signals by the endpoint-corrected Hilbert
transform, to overcome the characteristic Gibbs distortion that
has made it impossible before to precisely compute instantaneous
tremor phase and amplitude. Peripheral tremor was used as a
proxy for central oscillatory activity, providing a non-invasive
means of identifying phase dependency for cerebellar phase
cancellation. Eight different patterns of stimulating current
were delivered, six sinusoidal at phase lags (0◦, 60◦, 120◦,
180◦, 240◦, 300◦), a control sinusoidal at the tremor frequency
without phase locking, and a sham. The results demonstrated
that phase-locking cerebellar stimulation can efficiently
suppress ET amplitude within a few seconds. The phases
that were effective in suppressing the tremor varied among
participants. Interestingly, as noted in previous studies, tremor
amplitude continued to drop after the end of the stimulation
period. Further analysis also showed that change in tremor
amplitude was associated with a change in temporal coherence,
suggesting that stimulation that disrupts the temporal coherence
can reduce tremor severity. Using a neurophysiological
model of the CTC network under ET condition, the authors
suggested that tremor suppression might be related to a timely
perturbation of the generation of aberrant complex spikes
in the Purkinje cells, therefore disrupting the synchronous
activity that generate oscillations in the olivocerebellar loop
(47, 48).
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The possibility of attenuating tremor by peripheral
stimulation has also been explored (49, 50), based on the
rationale that peripheral stimulation can induce central activity
in brain regions, including the VIM (51). Preliminary results,
on a limited number of subjects, have shown the ability of this
technique to modulate tremor with both open- and closed-loop
stimulation, stimulating median and ulnar nerves at the wrists
(49, 50).
In contrast with the purer motor syndrome of tremor, TS is
a neurodevelopment disorder characterized by the occurrence
of vocal and motor tics of childhood onset and associated
with neuropsychiatric features such as obsessive compulsive
disorder and attention deficit hyperactivity disorder. In∼90% of
individuals tics are preceded by premonitory sensory and urge
phenomena (52). Expressing tics gives temporary relief from such
urge sensations and many patients believe they would not exhibit
tics if they did not experience urges (53). Cortical oscillations
in the mu and beta frequency bands may be promising neural
markers of Tourette’s Syndrome. Mu rhythm are synchronized
patterns of electrical activity in cortical areas directly involved in
voluntary movement, at a frequency similar to the alpha rhythm
which occurs in the resting visual cortex. In health, mu oscillatory
power is suppressed when a person performs a motor action and
is most prominent when the body is physically at rest. Both mu
and beta are thought to be relevant to the occurrence of tics
with cortical oscillatory signals over the supplementary motor
area abnormal ahead of tic execution (53, 54). It has previously
been shown that rTMS causes local entrainment of cortical
oscillations (55). Jackson and coworkers therefore investigated
whether median nerve stimulation could be used to entrain brain
oscillations linked to suppression of movement and influence tic
expression. Firstly, they were able to show that rhythmical 12Hz
electrical stimulation to the right wrist produced a sustained
increase in 12Hz power and phase synchrony in EEG recorded
from contralateral sensorimotor areas (53). Then in 16 patients
exposed to pulses of rhythmical mu band stimulation they
were able to show that both tic frequency and tic intensity
were significantly reduced when compared to epochs of no
stimulation. Effects were quantified by blind analysis of video
recordings and subjective reporting, with a close correspondence
between the two (53). The clinical effect also appeared to be
mechanistically independent to attentional focus as performance
on simultaneous cognitive tasks did not change.
FUTURE DIRECTIONS
Novel Classification
The approaches outlined in previous sections can be used to
exemplify different strategies available to treat the hyperkinetic
movement disorders. One strategy attempts to interact with
causative neural biomarkers in approaches that will be specific
to a particular disease. Thus, in PD, relative to many other
movement disorders we are have a good approximation of the
chain of disease at multiple levels of investigation. Increased
neural synchrony in the beta frequency is a likely downstream
repercussion of the primary neurodegenerative change; yet, by
using this as an input for adaptive stimulation, we believe we
are interacting with a causal or essential neural mechanism.
With such a disease-specific intervention, further understanding
of pathophysiology will allow the development of useful
biomarkers to dictate stimulation. This is conceptually distinct
to a syndromic approach in which similarities in the final
pathway of a movement disorder and/or shared kinematic
features allow strategies to be developed that have utility across
a range of etiologies. To date, such an approach is most readily
exemplified in strategies of tremor treatment. There is also the
overlap of our archetypical movement disorders: for example,
dystonia is often associated with tremor, and choreiform-like
movements complicate PD in the form of dyskinesias. It is
therefore likely that we develop overlapping indications for
many stimulation strategies that do not conform to descriptive
neurological classifications.
The generation of response-led classifications is also an
emergent theme and here the use of machine learning can
guide development. Such an approach was recently used with
good effect in childhood dystonia (56). In this study, six patient
parameters (sex, etiology, baseline severity, cranial MRI and
central motor conduction time and/or sensory evoked potential)
were evaluated for their ability predict deep brain stimulation
outcome using a decision tree supervised learning method
(Figure 1A). This method prioritized clinical interpretability
and evaluated all possible combinations of the six parameters
(26–1) for their ability to predict favorable clinical outcome.
In the acquired group, both integrity of motor pathways (or
sensory pathways in a subsequent analysis) and the severity of
dystonia were important. Furthermore, since the full variation of
performance for different dystonia severity cut-offs were known,
such information could also feed into decision making in a
patient specificmanner. For example, if any clinical improvement
was likely to have a large impact, no matter how small, then a
lower sensitivity and specificity of the severity criterion could be
selected. Conversely, if the patient, family and clinician wanted
to take a more risk-adverse strategy with greater certainty of
predicated outcome, then high sensitivity and specificity could
be achieved by using a higher severity score as the cut-off for
decision making. This study therefore started to dissect the
determinants of variability in outcome in a diverse patient group
with a very modest palette of input data.
Novel Biomarkers
Most biomarkers to date that have been used for adaptive
stimulation in movement disorders are those directly related to
neurophysiological signals such as LFPs and electromyograms
or inertial sensors such as accelerometers. Most analysis has
concentrated on the use of specific signal features, such as power
or phase in the beta frequency band. However, in terms of
information content, the input data are usually incredibly rich,
and such unidimensional metrics capture only a fraction of their
potential. In the future, machine learningmethods are likely to be
widely used to optimize feature extraction for neural stimulation.
Such an approach has recently been used in patients with
ET with encouraging results. Firstly, Tan et al. investigated
whether voluntary movement and the presence of postural
tremor could be decoded from LFPs recorded simultaneously
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FIGURE 1 | Applications for machine learning in deep brain stimulation. (A) A decision tree method was used to identify clinical demographics and neurophysiological
markers which predict good outcome in acquired childhood dystonia. In this study three nodes or levels of decision making were identified. Firstly, idiopathic and
genetic dystonias should be recommended for deep brain stimulation as they are known to have a good response (>20% improvement in clinical scores). The middle
node then examines whether the corticospinal tract is intact using abnormalities in the central motor conduction time (CMT) as the delineator. Finally, more severe
disease is predictive of a good response [adapted from (56)]. (B) This panel exemplifies a real time closed loop algorithm which has been successfully used in essential
tremor. Twelve features of the LFP are used to train four classifiers for two stimulator states (off/on) and two movement states (movement/posture detection). The
presence (1) or absence (0) or the movement states dictates whether the stimulator state is changed [adapted from (57)].
from electrodes implanted in themotor thalamus for stimulation.
A logistic regression model was able to decode both voluntary
movements and the presence of postural tremor with good
sensitivity and specificity and, although beta frequency bands
(13–23Hz) and theta frequency bands (4–7Hz) contributedmost
to the decoding, the incorporation of different frequency bands
using a machine learning approach increased the accuracy of
decoding (58).
In a follow-up work, the group therefore studied the
use of thalamic LFPs for real-time closed-loop DBS in ET
(Figure 1B). DBS electrodes were inserted into the VIM and
zona incerta (ZI), and stimulation and LFPs recordings occurred
simultaneously (57). Twelve features in time and frequency
domains were extracted from the bipolar LFPs recorded from
VIM-ZI thalamus. As stimulation induced changes in the neural
activities and artifacts in the recording, model parameters were
trained for different simulation states (on or off) and trained
to detect patient specific classifiers for voluntary movements
and posture decoding (a total of four classifiers). As the
stimulation was controlled automatically by the system, the
status of the stimulator at any moment was also recorded by
the program. The performance of several classification methods
was tested and linear methods outperformed other methods
that take into account non-linear relationships (advantageous
as linear models tend to require less data to train models
and have a less demanding processing requirement for online
decoding). Compared with continuous stimulation, a similar
amount of tremor suppression was achieved whilst delivering
<40% of the energy required for continuous stimulation (57).
Such approaches are enormously exciting as devices with the
capacity for chronic sensing and bidirectional communication
become available.
Novel Stimulation Capabilities
Novel hardware is currently flooding into clinical practice
(10). For example, in the field of DBS, spatial selectivity
is enhanced through higher resolution electrodes and the
increasing range of stimulation options (unipolar, bipolar,
interleaving stimulation, multiple-level stimulation, directional
current flow) (10). Dynamically there is likely to be a move away
from monotonic high-frequency stimulation toward temporal
patterning informed by dynamics in neural circuits and
symptoms. The continued focus on miniaturization will drive
innovations in device design; cardiac pacemakers can now be
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implanted through endovascular techniques and such routes are
also being explored for neuromodulation, which would avoid the
need for cranial burr holes and tissue-disrupting lead insertion
(59). Minimally invasive methods are in development, such as
transcranial ultrasound, which enable a “non-invasive” ablation
of neural circuits, such as those in the thalamus for tremor
(48). It may also be possible to use such modalities in real
time to modulate cortical and subcortical circuits providing
many of the benefits of DBS without the requirement of cranial
surgery (60). Peripherally, there is also an explosion of non-
invasive, wearable, and compact devices both for monitoring
symptoms and potential therapeutic intervention. The use of
secure telemetry allows continuous wireless upload of data
allowing more complex control on multiple timescales. By using
off-the-body local and distributed cloud computing systems,
such data can be fed into machine-learning methods to provide
summaries that aid decision-making.
Connected Open Source Community
We are therefore likely to move away from empirical
clinician designed stimulation to high-fidelity models of
the relationship between the pattern of stimulation and
changes in disease/symptoms state. Optimal development
will hinge on a close partnership between the patient
community, their clinicians, scientists and industry. Any
telemetry method also requires great care in security and
risk management to ensure patient safety and minimize the
threat of malicious hacks. A commitment of the community
to open science will also democratize and increase the speed
of advances with high uptake of currently available initiatives
such as LEAD-DBS (61). This freely available toolbox can
be downloaded to allow electrode reconstructions and
computer simulations based on post-operative MRI and
CT imaging.
CONCLUSIONS
We have overviewed the use of neurostimulation techniques in
hyperkinetic movement disorders and focused on conditions in
which physiological biomarkers are available to guide stimulation
protocols. We believe that advances in technology and methods
will transform the management of hyperkinetic movement
disorders over the next few decades. We are optimistic that the
future challenge of providing individualized stimulation highly
responsive to clinical state for a full range of hyperkinetic
movement disorders with minimal risk is achievable.
AUTHOR CONTRIBUTIONS
All authors contributed to the article and approved the submitted
version.
REFERENCES
1. Wagner T, Valero-Cabre A, Pascual-Leone A. Noninvasive
human brain stimulation. Annu Rev Biomed Eng. (2007)
9:527–65. doi: 10.1146/annurev.bioeng.9.061206.133100
2. Barker AT, Jalinous R, Freeston IL. Non-invasive magnetic
stimulation of human motor cortex. Lancet. (1985) 1:1106–
7. doi: 10.1016/S0140-6736(85)92413-4
3. Nitsche MA, Paulus W. Excitability changes induced in the human motor
cortex by weak transcranial direct current stimulation. J Physiol. (2000) 527(Pt
3):633–9. doi: 10.1111/j.1469-7793.2000.t01-1-00633.x
4. Antal A, Boros K, Poreisz C, Chaieb L, Terney D, Paulus W.
Comparatively weak after-effects of transcranial alternating current
stimulation (tACS) on cortical excitability in humans. Brain Stimul. (2008)
1:97–105. doi: 10.1016/j.brs.2007.10.001
5. Latorre A, Rocchi L, Berardelli A, Bhatia KP, Rothwell JC. The use of
transcranial magnetic stimulation as a treatment for movement disorders:
a critical review. Mov Disord. (2019) 34:769–82. doi: 10.1002/mds.2
7705
6. Iglesias AH. Transcranial magnetic stimulation as treatment in
multiple neurologic conditions. Curr Neurol Neurosci Rep. (2020)
20:1. doi: 10.1007/s11910-020-1021-0
7. Lefaucheur JP, Andre-Obadia N, Antal A, Ayache SS, Baeken C, Benninger
DH, et al. Evidence-based guidelines on the therapeutic use of repetitive
transcranial magnetic stimulation (rTMS). Clin Neurophysiol. (2014)
125:2150–206. doi: 10.1016/j.clinph.2014.05.021
8. Obeso I, Cerasa A, Quattrone A. The effectiveness of transcranial brain
stimulation in improving clinical signs of hyperkinetic movement
disorders. Front Neurosci. (2015) 9:486. doi: 10.3389/fnins.2015.0
0486
9. Lozano AM, Lipsman N, Bergman H, Brown P, Chabardes S, Chang JW, et al.
Deep brain stimulation: current challenges and future directions. Nat Rev
Neurol. (2019) 15:148–60. doi: 10.1038/s41582-018-0128-2
10. Krauss JK, LipsmanN, Aziz T, Boutet A, Brown P, Chang JW, et al. Technology
of deep brain stimulation: current status and future directions.Nat Rev Neurol.
(2021) 17:75-87. doi: 10.1038/s41582-020-00426-z
11. Di Biase L, Munhoz RP. Deep brain stimulation for the treatment of
hyperkinetic movement disorders. Expert Rev Neurother. (2016) 16:1067–
78. doi: 10.1080/14737175.2016.1196139
12. Thut G, Bergmann TO, Frohlich F, Soekadar SR, Brittain JS, Valero-Cabre
A, et al. Guiding transcranial brain stimulation by EEG/MEG to interact
with ongoing brain activity and associated functions: a position paper. Clin
Neurophysiol. (2017) 128:843–57. doi: 10.1016/j.clinph.2017.01.003
13. Zrenner C, Desideri D, Belardinelli P, Ziemann U. Real-time EEG-defined
excitability states determine efficacy of TMS-induced plasticity in human
motor cortex. Brain Stimul. (2018) 11:347–89. doi: 10.1016/j.brs.2017.11.016
14. Hannah R, Rocchi L, Tremblay S, Rothwell JC. Controllable pulse parameter
TMS and TMS-EEG as novel approaches to improve neural targeting
with rTMS in human cerebral cortex. Front Neural Circuits. (2016)
10:97. doi: 10.3389/fncir.2016.00097
15. Buzsaki G, Draguhn A. Neuronal oscillations in cortical networks. Science.
(2004) 304:1926–9. doi: 10.1126/science.1099745
16. Buzsaki G, Anastassiou CA, Koch C. The origin of extracellular fields and
currents–EEG, ECoG, LFP and spikes. Nat Rev Neurosci. (2012) 13:407–
20. doi: 10.1038/nrn3241
17. Thies M, Zrenner C, Ziemann U, Bergmann TO. Sensorimotor mu-alpha
power is positively related to corticospinal excitability. Brain Stimul. (2018)
11:1119–22. doi: 10.1016/j.brs.2018.06.006
18. Desideri D, Zrenner C, Ziemann U, Belardinelli P. Phase of
sensorimotor µ-oscillation modulates cortical responses to transcranial
magnetic stimulation of the human motor cortex. J Physiol. (2019)
597:5671–86. doi: 10.1113/JP278638
19. Baur D, Galevska D, Hussain S, Cohen LG, Ziemann U, Zrenner C. Induction
of LTD-like corticospinal plasticity by low-frequency rTMS depends on pre-
stimulus phase of sensorimotor µ-rhythm. Brain Stimul. (2020) 13:1580–
7. doi: 10.1016/j.brs.2020.09.005
Frontiers in Neurology | www.frontiersin.org 6 May 2021 | Volume 12 | Article 669690
Latorre et al. Expanding Horizon of Neural Stimulation
20. Zrenner B, Zrenner C, Gordon PC, Belardinelli P, Mcdermott EJ, Soekadar
SR, et al. Brain oscillation-synchronized stimulation of the left dorsolateral
prefrontal cortex in depression using real-time EEG-triggered TMS. Brain
Stimul. (2020) 13:197–205. doi: 10.1016/j.brs.2019.10.007
21. Kühn AA, Kupsch A, Schneider GH, Brown P. Reduction in
subthalamic 8-35Hz oscillatory activity correlates with clinical
improvement in Parkinson’s disease. Eur J Neurosci. (2006)
23:1956–60. doi: 10.1111/j.1460-9568.2006.04717.x
22. Özkurt TE, Butz M, Homburger M, Elben S, Vesper J, Wojtecki L, et al.
High frequency oscillations in the subthalamic nucleus: a neurophysiological
marker of the motor state in Parkinson’s disease. Exp Neurol. (2011) 229:324–
31. doi: 10.1016/j.expneurol.2011.02.015
23. Deffains M, Iskhakova L, Katabi S, Israel Z, Bergman H. Longer β oscillatory
episodes reliably identify pathological subthalamic activity in Parkinsonism.
Mov Disord. (2018) 33:1609–18. doi: 10.1002/mds.27418
24. Tinkhauser G, Pogosyan A, Debove I, Nowacki A, Shah SA, Seidel K, et al.
Directional local field potentials: a tool to optimize deep brain stimulation.
Mov Disord. (2018) 33:159–64. doi: 10.1002/mds.27215
25. Little S, Brown P. Debugging adaptive deep brain stimulation for parkinson’s
disease.Mov Disord. (2020) 35:555–61. doi: 10.1002/mds.27996
26. Little S, Beudel M, Zrinzo L, Foltynie T, Limousin P, Hariz M, et al. Bilateral
adaptive deep brain stimulation is effective in Parkinson’s disease. J Neurol
Neurosurg Psychiatry. (2016) 87:717–21. doi: 10.1136/jnnp-2015-310972
27. Arlotti M, Marceglia S, Foffani G, Volkmann J, Lozano AM, Moro E, et al.
Eight-hours adaptive deep brain stimulation in patients with Parkinson
disease. Neurology. (2018) 90:e971–6. doi: 10.1212/WNL.0000000000005121
28. Afshar P, Khambhati A, Stanslaski S, Carlson D, Jensen R, Linde D, et al. A
translational platform for prototyping closed-loop neuromodulation systems.
Front Neural Circuits. (2012) 6:117. doi: 10.3389/fncir.2012.00117
29. Piña-Fuentes D, Beudel M, Little S, Brown P, Oterdoom DLM, Van Dijk JMC.
Adaptive deep brain stimulation as advanced Parkinson’s disease treatment
(ADAPT study): protocol for a pseudo-randomised clinical study. BMJ Open.
(2019) 9:e029652. doi: 10.1136/bmjopen-2019-029652
30. Rosin B, Slovik M, Mitelman R, Rivlin-Etzion M, Haber SN, Israel Z, et al.
Closed-loop deep brain stimulation is superior in ameliorating parkinsonism.
Neuron. (2011) 72:370–84. doi: 10.1016/j.neuron.2011.08.023
31. Tass PA, Qin L, Hauptmann C, Dovero S, Bezard E, Boraud T,
et al. Coordinated reset has sustained aftereffects in Parkinsonian
monkeys. Ann Neurol. (2012) 72:816–20. doi: 10.1002/ana.
23663
32. Adamchic I, Hauptmann C, Barnikol UB, Pawelczyk N, Popovych O, Barnikol
TT, et al. Coordinated reset neuromodulation for Parkinson’s disease: proof-
of-concept study.Mov Disord. (2014) 29:1679–84. doi: 10.1002/mds.25923
33. Madsen KH, Karabanov AN, Krohne LG, Safeldt MG, Tomasevic L,
Siebner HR. No trace of phase: corticomotor excitability is not tuned
by phase of pericentral mu-rhythm. Brain Stimul. (2019) 12:1261–
70. doi: 10.1016/j.brs.2019.05.005
34. Zrenner C, Galevska D, Nieminen JO, Baur D, Stefanou MI, Ziemann U.
The shaky ground truth of real-time phase estimation. Neuroimage. (2020)
214:116761. doi: 10.1016/j.neuroimage.2020.116761
35. Deuschl G, Raethjen J, Lindemann M, Krack P. The pathophysiology of
tremor.Muscle Nerve. (2001) 24:716–35. doi: 10.1002/mus.1063
36. Latorre A, Rocchi L, Stamelou M, Batla A, Ciocca M, Balint B, et al. Tremor
in motor neuron disease may be central rather than peripheral in origin. Eur J
Neurol. (2019) 26:394–31. doi: 10.1111/ene.13743
37. Hallett M. Tremor: pathophysiology. Parkinsonism Relat Disord. (2014)
20(Suppl. 1):S118–22. doi: 10.1016/S1353-8020(13)70029-4
38. Hua SE, Lenz FA. Posture-related oscillations in human cerebellar thalamus
in essential tremor are enabled by voluntary motor circuits. J Neurophysiol.
(2005) 93:117–27. doi: 10.1152/jn.00527.2004
39. Helmich RC, Toni I, Deuschl G, Bloem BR. The pathophysiology of
essential tremor and Parkinson’s tremor. Curr Neurol Neurosci Rep. (2013)
13:378. doi: 10.1007/s11910-013-0378-8
40. Cagnan H, Little S, Foltynie T, Limousin P, Zrinzo L, Hariz M, et al. The
nature of tremor circuits in parkinsonian and essential tremor. Brain. (2014)
137:3223–34. doi: 10.1093/brain/awu250
41. Helmich RC. The cerebral basis of Parkinsonian tremor: a network
perspective.Mov Disord. (2018) 33:219–31. doi: 10.1002/mds.27224
42. Womelsdorf T, Schoffelen JM, Oostenveld R, Singer W, Desimone R,
Engel AK, et al. Modulation of neuronal interactions through neuronal
synchronization. Science. (2007) 316:1609–12. doi: 10.1126/science.1139597
43. Cagnan H, Meijer HG, Van Gils SA, Krupa M, Heida T, Rudolph M, et al.
Frequency-selectivity of a thalamocortical relay neuron during Parkinson’s
disease and deep brain stimulation: a computational study. Eur J Neurosci.
(2009) 30:1306–17. doi: 10.1111/j.1460-9568.2009.06922.x
44. Cagnan H, Brittain JS, Little S, Foltynie T, Limousin P, Zrinzo L, et al.
Phase dependent modulation of tremor amplitude in essential tremor through
thalamic stimulation. Brain. (2013) 136:3062–75. doi: 10.1093/brain/awt239
45. Cagnan H, Pedrosa D, Little S, Pogosyan A, Cheeran B, Aziz T, et al.
Stimulating at the right time: phase-specific deep brain stimulation. Brain.
(2017) 140:132–45. doi: 10.1093/brain/aww286
46. Brittain JS, Probert-Smith P, Aziz TZ, Brown P. Tremor suppression
by rhythmic transcranial current stimulation. Curr Biol. (2013) 23:436–
40. doi: 10.1016/j.cub.2013.01.068
47. Schreglmann SR, Wang D, Peach RL, Li J, Zhang X, Latorre A,
et al. Non-invasive suppression of essential tremor via phase-
locked disruption of its temporal coherence. Nat Commun. (2021)
12:363. doi: 10.1038/s41467-020-20581-7
48. Schreglmann SR, Krauss JK, Chang JW, Martin E, Werner B, Bauer R, et al.
Functional lesional neurosurgery for tremor: back to the future? J Neurol
Neurosurg Psychiatry. (2018) 89:727–35. doi: 10.1136/jnnp-2017-316301
49. Lin PT, Ross EK, Chidester P, Rosenbluth KH, Hamner SR, Wong SH,
et al. Noninvasive neuromodulation in essential tremor demonstrates
relief in a sham-controlled pilot trial. Mov Disord. (2018) 33:1182–
3. doi: 10.1002/mds.27350
50. Kim J, Wichmann T, Inan OT, Deweerth SP. A wearable system for
attenuating essential tremor based on peripheral nerve stimulation. IEEE
J Transl Eng Health Med. (2020) 8:2000111. doi: 10.1109/JTEHM.2020.
2985058
51. Putzke JD, Wharen RE Jr, Obwegeser AA, Wszolek ZK, Lucas JA,
Turk MF, et al. Thalamic deep brain stimulation for essential tremor:
recommendations for long-term outcome analysis. Can J Neurol Sci. (2004)
31:333–42. doi: 10.1017/S0317167100003413
52. Cohen SC, Leckman JF, Bloch MH. Clinical assessment of Tourette
syndrome and tic disorders. Neurosci Biobehav Rev. (2013) 37:997–
1007. doi: 10.1016/j.neubiorev.2012.11.013
53. Morera Maiquez B, Sigurdsson HP, Dyke K, Clarke E, Mcgrath P,
Pasche M, et al. Entraining movement-related brain oscillations to
suppress tics in tourette syndrome. Curr Biol. (2020) 30:2334–42
e2333. doi: 10.1016/j.cub.2020.04.044
54. Obeso JA, Rothwell JC, Marsden CD. Simple tics in Gilles de la Tourette’s
syndrome are not prefaced by a normal premovement EEG potential.
J Neurol Neurosurg Psychiatry. (1981) 44:735–8. doi: 10.1136/jnnp.44.
8.735
55. Thut G, Veniero D, Romei V, Miniussi C, Schyns P, Gross J. Rhythmic TMS
causes local entrainment of natural oscillatory signatures. Curr Biol. (2011)
21:1176–85. doi: 10.1016/j.cub.2011.05.049
56. Shah SA, Brown P, Gimeno H, Lin JP, Mcclelland VM. Application of machine
learning using decision trees for prognosis of deep brain stimulation of
globus pallidus internus for children with dystonia. Front Neurol. (2020)
11:825. doi: 10.3389/fneur.2020.00825
57. He S, Baig F, Mostofi A, Pogosyan A, Debarros J, Green AL, et al. Closed-
loop deep brain stimulation for essential tremor based on thalamic local field
potentials.Mov Disord. (2021) 36:863–73. doi: 10.1002/mds.28513
58. Tan H, Debarros J, He S, Pogosyan A, Aziz TZ, Huang Y, et al. Decoding
voluntary movements and postural tremor based on thalamic LFPs as a
basis for closed-loop stimulation for essential tremor. Brain Stimul. (2019)
12:858–67. doi: 10.1016/j.brs.2019.02.011
59. Neudorfer C, Bhatia K, Boutet A, Germann J, Elias GJ, Loh A, et al.
Endovascular deep brain stimulation: investigating the relationship between
vascular structures and deep brain stimulation targets. Brain Stimul. (2020)
13:1668–77. doi: 10.1016/j.brs.2020.09.016
60. Yang H, Yuan Y, Wang X, Li X. Closed-loop transcranial
ultrasound stimulation for real-time non-invasive neuromodulation
in vivo. Front Neurosci. (2020) 14:445. doi: 10.3389/fnins.2020.0
0445
Frontiers in Neurology | www.frontiersin.org 7 May 2021 | Volume 12 | Article 669690
Latorre et al. Expanding Horizon of Neural Stimulation
61. Horn A, Li N, Dembek TA, Kappel A, Boulay C, Ewert S, et al. Lead-DBS
v2: Towards a comprehensive pipeline for deep brain stimulation imaging.
Neuroimage. (2019) 184:293–316. doi: 10.1016/j.neuroimage.2018.08.068
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2021 Latorre, Rocchi and Sadnicka. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Neurology | www.frontiersin.org 8 May 2021 | Volume 12 | Article 669690
